of bio-oils produced by thermal liquefaction of biomass, surprisingly little work has been conducted on the subsequent catalytic upgrading of these oils to reduce their heteroatom content and enable processing in conventional petrochemical refineries. This work provides important insights for the design and deployment of novel active transition metal catalysts to enable the incorporation of bio-oils into refineries.
Introduction
Recent developments in the thermal liquefaction of biomass have demonstrated the feasibility of producing bio-oils from a range of terrestrial and marine biomass feedstocks on both pilot and industrial scale. [1] Compared to crude fossil oils, the bio-oils produced contain much higher concentrations of oxygen, typically between 5 -15 wt.% for oils produced via hydrothermal liquefaction (HTL), or up to 40 wt.% in the case of pyrolysis oils. [2] [3] [4] Biooils tend to contain lower sulphur concentrations than crude oil, in general less than 1 %. In addition, the processing of protein-rich biomass, such as microalgae, can lead to nitrogen contents exceeding 8 wt.%, normally present as low molecular weight heterocycles [4, 5] .
However, the high oxygen and nitrogen content of these bio-oils restricts their direct processing within conventional petrochemical refineries. [6, 7] Consequently, significant pretreatment is required to reduce the biocrude heteroatom content, particularly nitrogen, to an acceptable level (< 0.25 %). [8, 9] Despite this, relatively little research has been conducted on the denitrogenation of components present in bio-oils. [10] [11] [12] Most existing studies have been conducted under batch conditions using either noble metal (Pt, Pd, Ru, Rh) [12] [13] [14] [15] [16] [17] [18] [19] or transition metal sulphide catalysts (CoMo, NiMo) [14, [19] [20] [21] . Whilst noble metal catalysts are expensive, transition metal sulphide catalysts require the presence of sulphur to retain their activity. Therefore, these sulphide catalysts may be unsuitable for the conversion bio-oils, which contain only trace amounts of sulphur. This explains the negligible or minor activity for the reduction of the nitrogen and oxygen content of the bio-oil observed in many studies, whilst increasing the formation of coke and gaseous by-products. [12, 17] An alternative class of hydrotreating catalysts are the transition metal phosphides, which include Ni2P and MoP, which have been shown to possess significantly higher denitrogenation activities than commercial bimetallic transition metal sulphides. [22] [23] [24] [25] Their high activities have been related to isotropic external morphologies, compared to the layered structure in sulphides, exposing a greater number of coordinatively unsaturated surface atoms and improving their dispersion when supported on high surface area materials.
[ [26] [27] [28] As transition metal phosphides are stable in the absence of sulphur containing compounds, [25, 29, 30] they could be particularly suitable for the conversion of nitrogenrich sulphur-low bio-oils. [31, 32] Most transition metal phosphides have been either supported on silica [33, 34] or used in the bulk phase, [35] [36] [37] but increasingly, alternative supports such as alumina, [38] 39] and zeolites [27, 40] are being studied. One of the advantages of using zeolites as catalyst supports is their regular and tuneable pore structure, which promotes shape-selective catalysis. Furthermore, aluminium-containing zeolite supports possess additional acid sites, which may help to protonate the nitrogen group, facilitating the cleavage of the aliphatic C-N bonds via E2 elimination reactions. [41, 42] The acid sites may also catalyse cracking reactions to break large polyaromatic compounds into lighter oil fractions, [40] thereby helping to reduce the bio-oil viscosity. However, the formation of active transition metal phosphide catalysts on aluminium-containing supports is hindered by the formation of AlPO4 during the calcination of the catalyst precursors.
[43] Because of this, the formation of the desired Ni2P phase requires a large excess of phosphorus [39, 44] and much higher reduction temperatures [45, 46] to form the desired Ni2P phosphide phase. This can result in increased particle agglomeration, reducing the metal dispersion on the catalysts, whilst also having adverse effects on the structure of the support. [46] A potential way of modifying the interaction between phosphorus and the support is to use zeolites with different counterions as found during the synthesis of Rh phosphide catalysts supported on MFI zeolites. [45] Catalysts supported on Na + MFI required much lower reduction temperatures, allowing the formation of smaller nanoparticles, than their H + MFI counterparts.
Another challenge for the design of such catalysts for bio-oil upgrading is that mass transfer limitations within microporous zeolite pores may restrict reactions to the outer zeolite surface, particularly for the larger molecules found within most bio-oils, reducing overall reaction rates. Consequently, attempts have been made to synthesize zeolites with hierarchical pore dimensions containing additional mesopores within the zeolite framework.
[47] These modifications can be achieved either during the zeolite synthesis itself through the use of templates, or using post synthetic modification methods such as steam processing or chemical modification. [48] One promising approach for introducing mesoporosity to zeolites to increase mass transport is through base leaching with NaOH. This leaching results in partial dissolution of the zeolite crystal [49] , allowing the external surface area and mesopore volume of the resulting material to be controlled via the NaOH concentrations and exposure period.
Within this context, the objective of this current study was to develop novel nickel phosphide catalysts supported on zeolite Y as a novel alternative to noble metal and transition metal sulphide catalysts for the upgrading of bio-oils. As crude bio-oils consist of a highly complex mixture of molecules, with complex analytical challenges, a model compound (quinoline) was used as a proxy for the cyclic nitrogen compounds present in crude bio-oils. (In fact, biooils also contain a range of other nitrogen compounds such as amines and amides, but these are expected to be more easily upgraded). ,In order to investigate the effect of the zeolite support on the formation of the active Ni2P phase and overall catalytic activity, a range of zeolite supports were tested containing different counterions and silicon-to-aluminium (Si/Al) ratios. To investigate the use of base leaching to improve mass-transfer characteristics of these zeolite supports, selected zeolites were exposed to base treatment prior to catalyst impregnation, to investigate the potential of introducing additional mesoporosity into the zeolite structure and subsequent effects on the catalytic activity of the materials.
Experimental procedure 2.1 Catalyst synthesis
Commercial Na + Y and NH4 + Y zeolites (Molecular sieves, powder, Si/Al ratio: 2.56) were obtained from Sigma-Aldrich while H + YL zeolite (SiO2/Al2O3 mol ratio: 30:1, powder form) was obtained from Alfa Aesar. H + Y zeolite was obtained by calcination of the commercial NH4 + Y zeolite in static air at 550 C for 5 h. Ni 2+ Y and K + Y zeolites were prepared by single-stage ion exchange of the commercial Na + Y zeolite with solutions of nickel nitrate (Ni(NO3)26H2O) and potassium nitrate (KNO3), respectively, using a 2:1 excess of the counter-ion to be exchanged. The exchange solutions were stirred for 6 h at 600 rpm at room temperature, followed by centrifugation and washing of the exchanged zeolite with deionized water.
Base-treatment of the commercial NH4 + Y zeolite was conducted by combining 50 mL of a 0.625 M NaOH solution with 50 mL of an aqueous TPABr solution of 0.05 M (equivalent to 0.2 g g -1 , for mild treatment, MT) or 0.24 M (0.92 g g -1 , for harsh treatment, HT). After mixing for 30 minutes, 3.3 g of zeolite was added to the solution and the suspension was stirred for further 30 minutes at a temperature of 65 C. The product was filtered and dried at 65 C in a preheated oven for 24 h.
Nickel phosphide supported catalysts were prepared by incipient wetness impregnation of the zeolites with nickel nitrate hexahydrate (Ni(NO3)2.6H2O) and ammonium phosphate, ((NH4)2HPO4) solutions, to obtain a nominal nickel loading of 5 wt.% and P/Ni ratios of 3.0.
Two methods of impregnation were investigated. The impregnation was either conducted in two stages (first impregnation with nickel nitrate, followed by drying at 120 °C and impregnation with ammonium phosphate) [36, 40] or in a single-stage by dissolving the two salts together in a 2.5 M nitric acid solution before impregnation on the support. [24, 50] The impregnated materials were dried overnight at 120 C, calcined at 400 C for 4 hours and pre-reduced for 4 hours at 550 C under 120 mL min -1 hydrogen flow. Subsequently, the materials were allowed to cool before passivation by flowing 250 mL min -1 of 1 % O2/N2 for 4 hours.
Catalyst characterization
Power X-Ray diffraction data was collected on a BRUKER D8 Advance diffractometer with a Cu Kα X-ray source (λ = 1.54 Å). The cell parameters were determined using the Unit Cell least squares refinement program, [51] and the simulated XRD powder pattern for cubic faujasite was used to index the peaks. SEM-EDX analyses were conducted on a JEOL IT-300 Scanning Electron Microscope fitted with an Oxford instruments Aztec X-Max N 80 T EDX detector. EDX spectra were collected using area scans at a magnification of 1000X, an acquisition time of 150 s and an accelerating voltage of 20 keV. For each sample, at least three scans of separate areas were conducted, normalized to exclude carbon and averaged to determine the Ni loading, Ni/P ratios, Si/Al ratios and the counter-ion to aluminium ratios. STEM-EDX analyses were conducted on a JEM-2100F Field Emission Transmission Electron Microscope using a JEOL high-angle annular dark-field (HAADF) STEM detector and corresponding elemental maps were collected, using a minimum of 20 frame counts for each analysis using the Aztec X-MaxN 80 T detector. Particle sizes were determined from STEM images using the ImageJ open source image processing software using the oval shape selector tool to manually outline each particle to the maximum diameter.
Hydrodenitrogenation reaction of quinoline
Hydrodenitrogenation reactions were conducted in 6 mL stainless steel batch reactors, connected to a pressure gauge, vent valve and fitted with an internal thermocouple. The reactors were heated inside a Micromeritics FlowPrep 060 furnace set at 400 C. The total reaction time for each experiment was 2 hours, after which the reactors were left to cool in ambient air. In a typical reaction, 50 mg of catalyst dispersed in 1 g of silica gel was added to 1 mL 10 vol.% (14.1 wt%) quinoline in dodecane solution. The sealed reactors were purged with nitrogen and pressurised with hydrogen to 40 bar. Reactions were conducted in triplicate to determine the standard deviation. Reaction products were analysed by 1 H NMR and 13 C NMR obtained on a 400 MHz Bruker AVANCE III spectrometer and GC-MS analysis obtained on an Agilent 7890B Gas Chromatograph (DB-FFAP column, 30 m, 0.25 mm x 0.25 μm). For the GC-MS analysis, the samples were dissolved in toluene with an injection volume of 1 μL. Samples were loaded at 40 °C, with a hold time of 1 min, followed by ramping at 10 °C min -1 to 60 °C, hold time of 4 min, and ramping at 10 °C min -1 to 250 °C, with a hold time of 4 min. The MS detector was turned off between 3.60 min and 5.50 min.
The conversion of quinoline and the yields of the 1,2,3,4-tetrahydroquinoline (1234THQ), 5,6,7,8-tetrahydroquionoline (5678THQ) and orthopropylaniline (OPA) breakdown products were calculated using the GC-MS data and verified against the 1 H NMR data from the same materials. Conversion/product yields were calculated from the compound to dodecane peak ratios, using standard calibration curves:
Where AQ and AC12 represent the peak areas of quinoline and dodecane, respectively, whilst the mass of product, mP, was calculated from the calibration curve.
The remaining reaction products, including decahydroquinoline (DHQ), propylbenzene (PB), propylcyclohexylamine (PCHA) and propylcylcohexane (PCH) could not be quantified by either analysis method, due to overlap with the solvent and other product peaks, and consequently were grouped together as 'other' and calculated by difference:
Results and discussion
Bio-crudes formed by hydrothermal liquefaction of microalgae generally consist of a highly complex mixture of molecules, including lipid derived alkanes and alkenes, nitrogen containing compounds such as amines and amides, oxygen containing compounds such as alcohols, aldehydes and ketones, and heterocyclics such as furans, indoles or pyrroles.
[53] In order to simplify the analytic challenge associated to complex mixtures and to provide mechanistic understanding, we use quinoline as a model heterocycle, allowing the evaluation of the three major reaction pathways associated for the denitrogenation reaction ( Figure 1 
hydrogenation of the nitrogen ring, to convert aromatic carbon-nitrogen bonds into single, aliphatic bonds; ii. sequential hydrogenolysis of the C-N bonds iii. saturation of the aromatic ring adjacent to the nitrogen heterocycle. [54, 55] However, it should be noted that additional cracking reactions may be required to facilitate the conversion of heavily substituted nitrogen rings, as found during the conversion of heavier, synthetic crude oils.
[56] The removal of nitrogen from heterocyclic compounds is intrinsically more difficult than from less strongly bound compounds or removal of other heteroatoms. Therefore, quinoline was chosen to represent the most challenging target. A catalyst that is active in the upgrading of quinoline is also expected to be active for the upgrading of the other components in bio-oil. 
Effect of zeolite counter-ion
A first series of experiments was conducted to study the effect of the number (Si/Al ratios of 2.7 and 15) and choice (NH4 + , H + , Na + and K + ) of the zeolite counter-ions on the formation and activity of zeolite Y supported nickel phosphide catalysts for the conversion of quinoline.
To investigate the contribution of the zeolite support itself to the overall catalytic activity, the conversions of quinoline and the resulting product distributions were first investigated over the bare zeolites Y and compared to an uncatalysed (blank) reaction under the same conditions. Subsequently, the various zeolites were used as supports for the nickel phosphide catalysts, and their relative quinoline conversion activities were correlated to differences in their active phases.
Conversion over bare zeolites
In the absence of any catalyst, the quinoline conversion at 400 C reached 24 %, producing a mixture 1234THQ (9 %) and other unidentified products ( Figure 2 ). As expected, the addition of bare, untreated Y-zeolite catalysts resulted in an increase of the overall quinoline conversion, but the yields of 1234THQ remained either equal or lower compared to the blank reaction. The increase in conversion and reduction in 1234THQ yields in the presence of these zeolites is believed to be the result of increased cracking reactions over the zeolitic acid sites, increasing the amount of side products not directly associated with the quinoline denitrogenation pathway, such as indoline, isoquinoline, o-toluidine, o-phenylpropylamine, aniline, toluene and o-ethylaniline, as previously reported.
[57] In all cases, the presence of the bare zeolites appears to have minimal impact on the formation of 1234THQ compared to the blank reaction and this suggests that the zeolites display little activity for the initial hydrogenation step. It is possible that for both the blank reaction and the reactions over the bare zeolites the formation of 1234THQ is catalysed by stainless steel reactor instead, which contains a number of potentially active materials such as nickel, molybdenum or chromium.
The increase in quinoline conversion appears to be independent of the physical properties of (Figure 3) .
In contrast to the activities of the bare Y zeolites, the quinoline conversions and product distributions achieved over the nickel phosphide catalysts were clearly dependent on the counterion in the zeolite Y support. This could be attributed to the effect of the counterion on the formation of the active phosphide phase, as previously observed in the literature. [45] Interestingly, the method of impregnation (two-stage or single-stage impregnation) had a limited impact on the product distributions obtained over the NixPy/Na + Y and NixPy/K + Y catalysts, whereas the product distributions over the NixPy/NH4 + Y and NixPy/H + Y catalysts were considerably different for the two synthesis methods. In all cases, the two-stage impregnation resulted in a significantly higher loss of surface area and zeolite crystallinity (indicated by an increased FWHM of the [1 1 1] diffraction peak) for all four catalysts (Table   2 ). This could be due to the formation of nickel phosphate precipitates on the zeolite surface, blocking the zeolite pores and preventing the escape of moisture and reaction gases during the subsequent reduction process, resulting in the build-up of internal pressure and ultimately leading to structural loss. The effect is particularly pronounced in the NH4 + Y zeolite, as the thermal decomposition of ammonium ions releases significant quantities of ammonia in addition to the other reaction gases.
It is notable that the reactions over the NH4 + Y, H + Y and Na + Y zeolites all yielded similar amounts of the undetermined 'other' product phase, whereas the yield over the K + Y catalyst was much lower. A potential explanation is the very low Brønsted acidity of these catalysts, eliminating the occurrence of cracking reactions, demonstrated during the conversion of tridecane over Ni2P catalysts supported over HUSY and KUSY zeolites.
[27]
Figure 3: Quinoline conversion over nickel phosphide catalysts supported on zeolites Y containing different counterions prepared by two-step (2S) and single-step (1S) impregnation methods
Further characterisation of these materials by XRD provides insights about the active nickel sites present in the catalysts (Figure 4 ). K + Y and Na + Y zeolite-supported catalysts display a mixture of Ni2P/Ni12P5 phases for both methods of impregnation; H + Y zeolite supported catalysts show a pure Ni2P phase for two-stage impregnation, in addition to metallic Ni for single stage impregnation; whilst NH4 + Y zeolite supported catalysts displayed Ni2P peaks for both methods of impregnation together with small quantities of metallic nickel in the twostep impregnation catalyst. The improved formation of Ni2P supported on H + Y zeolite during two-step impregnation could be related to the reduced interaction between phosphorus and the support due to the shielding of aluminium sites with the nickel precursor. In contrast, the interaction between aluminium and phosphorus is weaker for the zeolites containing the other three counterions, and consequently the method of impregnation has a lesser impact.
The exception is the catalysts supported on NH4 + Y, where the extensive structural collapse during two-step impregnation could trap nickel particles, preventing their subsequent reaction with phosphorus. The Scherrer equation was used to estimate the crystallite particle sizes of the different nickel species ( shows that the average particle size measured from the TEM images (~ 20 -25 nm) is in good agreement with that calculated by X-ray diffraction ( Figure 5 ). In contrast, the TEM images for NixPy/H + Y display nickel-based particles with sizes ~ 60 nm, which might be formed by small aggregation of crystallites with sizes of 25-30 nm ( Figure 6 ).
Elemental mapping by STEM-EDX of both materials also confirmed that nickel was mostly confined to the nanoparticles, whereas phosphorous was evenly distributed over the entire surface of the zeolite, with a slightly increased concentration on the nickel-rich nanoparticles.
This observation confirms the strong interaction of phosphorus with the zeolite structure itself, [43] but makes it difficult to accurately determine the Ni/P ratio of the catalytic nanoparticles, and consequently its effect on the resulting catalytic hydrodenitrogenation activity of the material. Nonetheless, all materials experienced a significant increase in the overall Ni/P ratio during the synthesis process, which can be attributed to the release of phosphine gas (PH3) during the reduction step.
[34] It is also noticeable that for the catalysts prepared by single-step impregnation the highest Ni/P ratios were observed over those supported on the K + Y and Na + Y zeolites, which displayed the Ni-rich Ni12P5 phase in addition to the Ni2P phase. This suggests that the formation of Ni2P over these materials was P-limited, and could indicate a much weaker interaction between phosphorus and the support, resulting in extensive P loss prior to sufficient reduction of the metal phase. 
Effect of base-treatment
A second series of experiments were conducted using the NH4 + Y and H + YL zeolites basetreated with NaOH (0.38 g g -1 ) and either low (0.2 g g -1 ) or high concentrations of TPABr (0.92 g g -1 ), denoted as mild treatment (MT) and harsh treatment (HT), respectively. The objective of the base-treatment step was to introduce additional mesopores into the supports, thereby producing hierarchical zeolites with the aim of reducing potential mass transfer limitations through the resulting catalysts. Once again, the quinoline conversion activity was tested for both the bare hierarchical zeolites, and the supported nickel phosphide materials.
Bare hierarchical zeolites
Following base treatment, both the NH4 + Y and H + YL zeolites experienced a dramatic decrease in quinoline conversion activity, with product distributions similar to those achieved in the blank reaction (Figure 7) . This confirms our previous hypothesis suggesting that the catalytic activity of the blank zeolites is predominantly related to cracking reaction over the Brønsted acid sites, which are neutralised during base treatment. Interestingly, base treatment had opposite effects on the surface areas and unit cell parameters of the two materials ( Table   1 ): for NH4 + Y, the surface area increased from 765 m 2 g -1 to 898 m 2 g -1 and the cell parameter reduced from 24.61 Å to 24.52 Å following mild base treatment, whereas for H + YL, the surface area reduced from 919 m 2 g -1 to 684 m 2 g -1 and the cell parameter increased from 24.23 Å to 24.33 Å. These trends can be explained by the significant increase of the Na + /Al ratios following base treatment, related to the ion exchange of the NH4 + and H + counterions with Na + . As the larger NH4 + ions are replaced with the smaller Na + ions, the surface areas increase for the NH4 + Y zeolites, whereas the H + ions are smaller than Na + , resulting in a surface area decrease following ion exchange.
Base treatment also had a very different effect on the Si/Al ratios (from SEM-EDX analysis) in the two zeolites. In the case of the NH4 + Y zeolite, the ratio remained approximately constant around 2.5, but decreased significantly from 17.9 (± 1.4) to 11.5 (± 0.2) for the H + YL zeolite after harsh base treatment. This suggests that the base-treatment preferentially attacks the Si-Si bonds, whereas the Si-Al bonds are more stable, [49] making the base treatment step less effective. Consequently, further analysis was restricted to the H + YL zeolites only. SEM analysis showed that the untreated samples displayed smooth surfaces, whereas additional surface porosity became apparent for the material treated with a TPABr concentration of 0.92 g g -1 (supplementary information). Further evidence for the emergence of mesopores in the zeolite structure was obtained from nitrogen adsorption measurements.
Fitting the data against both the BJH (suited to meso/small macropores) and NLDFT models revealed the emergence of additional porosity within the 2 nm to 12 nm range for the material exposed to harsh base treatment (Figure 8) .
Combined with the conversion data it is clear that base treatment and the emergence of porosity within the mesopore range has no beneficial impact on the conversion of quinoline over the bare zeolites. This suggests that the treatment process reduces the number of active catalytic sites on the zeolite surface, counteracting any potential effect of improved mass transfer through the zeolite.
Ni-P catalysts on hierarchical zeolite supports
To preserve the structure of the base-treated zeolites and based on the results from the previous study using the zeolites containing different counterions, nickel phosphide catalysts supported on the base-treated zeolites were prepared using the single-step impregnation method only. For the NH4 + Y supported catalysts, a clear reduction in overall quinoline conversion and 5678THQ selectivity was observed for the catalysts on the base-treated supports (Figure 7b ). This trend can be explained using the corresponding XRD powder diffraction patterns which display a shift from a pure Ni2P phase formed on the untreated zeolite towards Ni2P/Ni12P5 phases for the base treated supports (Figure 9a ). This leads to a decrease on the overall quinoline conversion due to the lower activity of the Ni12P5 species compared to Ni2P as discussed above. In contrast, the overall quinoline conversion over the H + YL catalysts is less affected by base treatment of the support, whilst the selectivity towards the partial hydrogenation products 1234THQ and 5678THQ increases marginally. In this case, a pure Ni2P phase is observed on the XRD powder diffraction patterns, potentially due to the lower Al content, resulting in reduced Al-P interaction (Figure 9b ).
STEM-EDX analysis of the base treated NH4 + Y and H + Y zeolite supported catalysts shows a much lower phosphorus dispersion across the H + YL zeolite surface than over the NH4 + Y surface, consistent with the discussion above ( Figures 10 and 11 ). Nevertheless, the catalyst supported on base-treated hierarchical NH4 + Y contains a higher Ni/P ratio than its untreated counterpart, suggesting that the base treatment decreases the amount of surface bound P, despite the same Si/Al ratio (Table 3) . Moreover, the crystallite sizes of the nickel species, as determined by Scherrer equation, show a clear increase after base treatment of the NH4 + Y zeolite support, which is also expected to reduce the concentration of the square pyramidal edge sites responsible for the hydrogenation activity as discussed above. In contrast, the crystallite sizes of the H + YL zeolite supported catalysts are approximately constant regardless of base treatment.
A potential explanation for the shift over the NH4 + Y supported catalysts is the ion exchange of NH4 + with Na + during the base-treatment process and/or the high Na content after base treatment ( Table 1 ). This observation is consistent with the presence of the mixed Ni2P/Ni12P5 phase for the Na + Y supported catalysts in the previous section. 
Comparison with quinoline conversion over baseline catalysts
In order to compare the activity of the NixPy supported catalysts with conventional metal and transition metal catalysts, commercial 5 wt.% Pd/C, NiCoMo/Al2O3 (1.6 wt.% Ni, 1.6 wt.% Co, 15 wt.% Mo) and NiMo/CeO2 (6.0 wt.% NiO, 30 wt.% MoO3, 64 wt.% CeO2) were tested for the hydrodenitrogenation reaction under the same experimental conditions ( Figure   12 ). Generally, the levels of conversion of quinoline were comparable to those achieved by the supported NixPy/Y-zeolite catalysts. The differences in the product distribution are obviously related to the nature of the active sites in each system. The most relevant case is the product distribution achieved with the 5 wt.% Pd/C, where a very small 1234THQ concentration is obtained, suggesting that palladium greatly favours the hydrogenation of the aromatic ring adjacent to the nitrogen heterocycle in a selective manner. On the other hand, the transition metal catalysts seem to favour the hydrogenation of the nitrogen-containing aromatic ring.
These studies indicate that for upgrading of bio-oils containing low sulphur content, the supported NixPy/Y-zeolite catalysts could indeed be a feasible sustainable alternative for the upgrading of bio-oils. Bare zeolite supports on their own caused a distinct increase in quinoline conversion compared to a blank reaction, but had no beneficial impact on the initial hydrogenation step.
Their activity was independent of the choice of counterion (NH4 + , H + , Na + and K + ), their Si/Al ratio and their surface area. A notable exception is the Ni 2+ Y zeolite, which yielded higher amounts of the partial hydrogenation products 1234THQ as well as 5678THQ together with a significant increase in overall conversion. However, this catalyst presents low selectivity towards the direct quinoline denitrogenation pathway. Base treatment of NH4 + Y and H + Y with NaOH and TPABr was more effective for the low aluminium zeolite (H + YL), due to the selective dissolution of silicon, resulting in the formation of mesopores in the 2 nm to 12 nm range. However this treatment had no beneficial impact on the quinoline conversion activity of the bare zeolites, indicating that mass transport may not be a major limitation in the conversion of the quinoline model compound.
The impregnation of the different Y-zeolite supports with Ni and P yielded catalysts with high quinoline conversion activities and high yields of the partial hydrogenation products 1234THQ and 5678THQ. Both the zeolite counterion and the impregnation method (single or two-step impregnation) had a noticeable impact on the catalyst activity, and this was related to the predominant NixPy species formed in the material. Ni12P5 was the least active, metallic Ni favoured the hydrogenation of the nitrogen-containing aromatic ring as the first reaction step, whilst Ni2P allowed both the initial hydrogenation of the nitrogencontaining aromatic ring and the initial saturation of the aromatic rings adjacent to the nitrogen heterocycle, leading to a higher final yield of fully hydrodenitrogenated products.
Decreasing nanoparticle sizes were also found to give increased yields of 5678THQ, consistent with the higher hydrogenation activities previously proposed for the square pyramidal sites, which are more predominant in smaller particles.
These studies indicate the enormous potential of Y-zeolite supported nickel phosphides as a new class of catalysts suitable for the catalytic upgrading of crude bio-oils to value products. Nonetheless, it is obvious that our initial results will need to be verified using actual algal bio-oil. Furthermore, while the stability of nickel phosphide catalysts is well known [25, 29, 30] cycling studies should be conducted to determine the reusability of these catalysts in such applications. 
